Understanding pathways controlling cardiac development may offer insights that are useful for stem cell-based cardiac repair. Developmental studies indicate that the Wnt/␤-catenin pathway negatively regulates cardiac differentiation, whereas studies with pluripotent embryonal carcinoma cells suggest that this pathway promotes cardiogenesis. This apparent contradiction led us to hypothesize that Wnt/␤-catenin signaling acts biphasically, either promoting or inhibiting cardiogenesis depending on timing. We used inducible promoters to activate or repress Wnt/␤-catenin signaling in zebrafish embryos at different times of development. We found that Wnt/␤-catenin signaling before gastrulation promotes cardiac differentiation, whereas signaling during gastrulation inhibits heart formation. Early treatment of differentiating mouse embryonic stem (ES) cells with Wnt-3A stimulates mesoderm induction, activates a feedback loop that subsequently represses the Wnt pathway, and increases cardiac differentiation. Conversely, late activation of ␤-catenin signaling reduces cardiac differentiation in ES cells. Finally, constitutive overexpression of the ␤-catenin-independent ligand Wnt-11 increases cardiogenesis in differentiating mouse ES cells. Thus, Wnt/␤-catenin signaling promotes cardiac differentiation at early developmental stages and inhibits it later. Control of this pathway may promote derivation of cardiomyocytes for basic research and cell therapy applications.
heart development ͉ mesoderm ͉ Dickkopf-1 ͉ regeneration E mbryonic stem (ES) cells are pluripotent and spontaneously differentiate into cardiomyocytes, among other cell types. Cardiomyocytes derived from mouse ES cells express contractile proteins and show expected electrophysiologic phenotypes (1), providing a model for cardiac development and a promising source for cell-based cardiac therapy (2) . At present, however, only a small percentage of ES cells spontaneously differentiate into cardiomyocytes through serum induction of embryoid bodies (EBs). We sought to discover pathways controlling cardiac differentiation and thereby to find the optimal way to guide differentiation for cardiac repair.
Wnt/␤-catenin signaling is critical for vertebrate cardiac development. Overactivation of Wnt/␤-catenin signaling suppresses heart formation in Xenopus and chick embryos (3) (4) (5) (6) and reduces cardiac differentiation in mouse ES cells (7, 8) . Conversely, inhibition of Wnt/␤-catenin signaling by overexpression of dickkopf-1 (dkk-1), crescent, or glycogen synthase kinase-3␤ induces ectopic heart formation in Xenopus and chick embryos (3, 4) . Furthermore, deletion of ␤-catenin in mouse embryonic endoderm results in formation of multiple ectopic hearts (9) . These data show that Wnt/␤-catenin signaling inhibits cardiogenesis. However, Wnt/␤-catenin signaling has been shown recently to activate cardiogenesis in pluripotent P19CL6 cells, indicating that this pathway can be pro-cardiac in some contexts (10) . Furthermore, the heart forms from lateral mesoderm (11) , a tissue that is known to require Wnt/␤-catenin signaling for its specification in Xenopus and zebrafish embryos (12) , as well as ES cells (13) . Finally, multiple reports indicate that ␤-cateninindependent Wnt family members, such as Wnt-11, can act to enhance cardiac differentiation (14, 15) . We thus hypothesized that Wnt/␤-catenin signaling plays multiple, temporally distinct roles in cardiac development and that by defining these processes in zebrafish embryos, we would gain insights into enhancing cardiac differentiation in ES cells.
Results
To test whether Wnt/␤-catenin signaling has different effects on heart specification at different stages of vertebrate development, we used zebrafish that were transgenic for heat-shock-inducible activators and inhibitors of the pathway. Activation of Wnt/␤-catenin signaling was achieved by overexpression of Wnt8 (hsWnt8 transgenic line), which causes the characteristic phenotypes associated with elevated Wnt/␤-catenin signaling (16) . To interfere with endogenous Wnt/␤-catenin signaling, we overexpressed Dickkopf-1 (17) (hsDkk1 transgenic line), which specifically inhibits Wnt/␤-catenin signaling (18) .
Wnt/␤-Catenin Signaling Promotes Cardiogenesis Before Gastrulation
and Inhibits Heart Specification Later. We heat-shocked WT, hsWnt8, and hsDkk1 transgenic embryos for 30 min at different stages of development, fixed them at early somitogenesis stages, and assayed for expression of nkx2.5, a transcription factor that marks early heart progenitors (Fig. 1A) . Activation of Wnt/␤-catenin signaling at pregastrula stages [up to 5 h postfertilization (5 hpf)] caused an increase in nkx2.5 expression, whereas activation during gastrulation (from 6 to 9 hpf) suppressed nkx2.5 expression (Fig. 1 A) . Conversely, inhibition of Wnt/␤-catenin signaling in hsDkk1 transgenic embryos at pregastrula stages (up to 5 hpf) inhibited nkx2.5 expression, whereas expression of Dkk1 during gastrulation (from 6 to 9 hpf) caused an expansion of nkx2.5 expression (Fig. 1 A) . Thus, Wnt/␤-catenin signaling at pregastrula stages is required for subsequent heart precursor specification, whereas this pathway inhibits heart formation during gastrulation.
Remarkably, the response of heart precursors to Wnt/␤-catenin signaling switched from positive to negative over a 1-h window at the beginning of gastrulation (compare heat shocks at 5 hpf with those at 6 hpf in Fig. 1 A) . The same temporally opposing effects of Wnt/␤-catenin signaling were observed by monitoring the expression of cardiac myosin light chain 2 (cmlc2), a myofibrillar protein that is expressed later in cardiac differentiation (Fig. 1B) . This indicates that Wnt/␤-catenin signaling does not just induce a transient effect on heart precursor cells but, rather, induces effects that persist through later stages of development. Overexpression of Wnt5, which activates ␤-catenin-independent signaling pathways during early zebrafish development, with the use of the same heat-shock induction system had no discernible effect on the size of the heart-forming field (data not shown).
These data point to an early role for Wnt/␤-catenin signaling in the positive regulation of heart formation. We therefore asked whether induction of heart precursors was accompanied by an induction of all mesodermal cell types. To test this, we heatshocked transgenic embryos at 3.5 hpf and assayed them at three stages that covered a time window from late blastula to midgastrula stages for expression of the pan-mesodermal marker ntl (ortholog of murine brachyury T; Fig. 2A ), and the markers antivin and wnt11 that at these stages are specifically expressed in all mesodermal progenitors. After overexpression of Wnt8, we found no increase in mesodermal marker gene expression at any stage ( Fig. 2 A and data not shown) . In contrast, induction of Dkk1 reduced the expression of all three markers at all times ( Fig. 2 A and data not shown) . Thus, although Wnt/␤-catenin signaling appears to be required for full mesoderm formation, the induction of heart precursors by overexpression of Wnt8 at pregastrula stages cannot be explained by an overall increase in mesoderm.
Other Lateral Mesodermal Cell Fates Do Not Show a Biphasic Response to Wnt Signaling. It is well known that Wnt/␤-catenin signaling patterns mesoderm along the dorsal-ventral axis during pregastrula stages by promoting lateral mesodermal fates (12, 19, 20) . Because heart precursors are found in lateral regions of the pregastrula embryo (11), we asked whether the early cardiac induction by Wnt signaling reflects a general expansion of cells with lateral mesodermal fates. Overexpression of Wnt8 at 3.5 hpf reduced the dorsal marker flh and expanded the ventrolateral markers tbx6 and eve1, whereas overexpression of Dkk1 had the opposite effect: it expanded flh and suppressed tbx6 and eve1 (Fig. 2 A) . Thus, Wnt/␤-catenin signaling at pregastrula stages is required for formation of ventral and lateral mesodermal fates, and overactivation of Wnt signaling is sufficient to expand these cell types.
These results are consistent with a model in which the early heart-inducing role of Wnt signaling is due to a general expansion of lateral mesodermal fates. To test this, we assayed other lateral mesodermal cell types at the same stages analyzed for nkx2.5 in Fig. 1 A. Interestingly, in contrast to the biphasic roles of Wnt/␤-catenin signaling on heart markers, we found that all other tested lateral mesodermal markers behaved in a consistent manner, regardless of whether Wnt signaling was manipulated at early or late stages. Specifically, overexpression of Wnt8 at 3.5 hpf (pregastrula), 6 hpf (early gastrula), or 9 hpf (late gastrula stage) completely repressed pu.1 in anterior myeloid precursors (Fig. 2B) . Conversely, overexpression of Dkk1 at early or late stages caused expansion and ectopic expression of pu.1 (Fig. 2B) . Likewise, expression of flk1 in anterior endothelial precursors and of nkx2.7 in anterior lateral plate mesoderm was repressed by Wnt8 and enhanced by Dkk1, no matter when the transgene was induced [see supporting information (SI) Fig. 6 A and B] . In addition, overexpression of Dkk1 resulted in ectopic expression of the anterior lateral mesodermal markers gata4 and nkx2.7 in the ventral (SI Fig. 7 A and C) and posterior (SI Fig. 7 B and D) embryo. We conclude that Wnt signaling is required to restrict expression of these genes to anterior and lateral regions and that anterior lateral mesodermal fates are repressed by Wnt/␤-catenin signaling from pregastrula stages until the end of gastrulation.
In contrast, the more posteriorly expressed gene pax2.1, which marks precursors of the pronephric tubules and ducts, is expanded by overexpression of Wnt8 (Fig. 2C) , regardless of timing. Conversely, overexpression of Dkk1 reduced pax2.1 expression in pronephric mesoderm (Fig. 2C) . Thus, Wnt/␤-catenin signaling represses anterior lateral mesodermal fates and promotes posterior lateral mesodermal fates. Consequently, induction of heart fate by Wnt signaling at pregastrula stages cannot be explained by a general expansion of lateral mesodermal fates. 1 . Wnt/␤-catenin signaling promotes zebrafish heart specification at pregastrula stages but inhibits heart formation at gastrula stages. WT, hsWnt8, or hsDkk1 transgenic embryos were heat-shocked for 30 min starting at the indicated times. (A) The embryos were fixed at 13 hpf (eight-somite stage) and processed for nkx2.5 in situ hybridization. The embryos are shown in dorsal view (anterior left); n Ͼ 12 for each experimental point. The experiment was repeated twice each for heat shock at 3.5, 6, and 9 hpf. The combined percentages of affected embryos from these three experiments were as follows: Wnt8, 3.5 hpf, up: 86% (n ϭ 43); Wnt8, 6 hpf, up: 36% (n ϭ 59); Wnt8, 9 hpf, down: 100% (n ϭ 28); Dkk1, 3.5 hpf, down: 100% (n ϭ 52); Dkk1, 6 hpf, up: 73% (n ϭ 40); and Dkk1, 9 hpf, up: 18% (n ϭ 61). (B) The embryos were fixed at 18 hpf (18-somite stage) and processed for in situ hybridization with cardiac myosin light chain 2 (cmlc2). Close-up views of cmlc2 expression are shown (anterior left). Wnt8 overexpression at 3.5 hpf results in expansion of cmlc2 expression (24 of 29 embryos) but represses cmlc2 expression when activated at 6 hpf (15 of 19) or 9 hpf (13 of 14). Conversely, Dkk1 overexpression at 3.5 hpf weakly represses cmlc2 (7 of 20) but increases cmlc2 expression when activated at 6 hpf (11 of 12) or 9 hpf (8 of 19).
Heart precursors appear to be unique among lateral mesoderm in that Wnt/␤-catenin signaling has temporally distinct effects on their specification. Whereas Wnt signaling represses anterior lateral mesodermal cell types and induces posterior cell types, heart precursors are induced early and repressed late. This prompted us to map the position of heart precursors along the anteroposterior axis. In WT embryos, pu.1 is expressed more anteriorly than nkx2.5, whereas the mesodermal expression of pax2.1 is more posterior than nkx2.5 (SI Fig. 8 ). Thus, in zebrafish the heart does not form from the most anterior lateral plate mesoderm but, rather, at an intermediate anteroposterior level.
Early Activation of Wnt/␤-Catenin Signaling Promotes Cardiogenesis in ES Cells. Based on the potent ability of Wnt/␤-catenin signaling to regulate cardiac differentiation in zebrafish embryos, we next examined whether this pathway induces cardiogenesis in mouse ES cells. Mouse ES cells were differentiated as threedimensional EBs, where they received 100 ng/ml recombinant mouse Wnt-3A every other day from days 2 to 5. Wnt-3A dramatically increased the fraction of EBs with beating activity at day 13 (Wnt-3A: 62.2 Ϯ 2.2%, control: 3.3 Ϯ 1.7%, P Ͻ 0.01), at day 17 (Wnt-3A: 74.8 Ϯ 3.7%, control: 29.1 Ϯ 6.2%, P Ͻ 0.01), and at day 20 (Wnt-3A: 85.1 Ϯ 1.1%, control: 46.8 Ϯ 3.0%, P Ͻ 0.01) (Fig. 3A) . Although these results are most representative, we should note that, in some experiments, the control cultures exhibited a ''catch up'' phase of cardiac differentiation, when no significant differences in beating activity were observed at the last time point. To provide a second index of cardiac differentiation, we also determined the expression levels of cardiacspecific ␣-myosin heavy chain (␣-MHC) mRNA in these groups. At day 11, ␣-MHC expression in EBs treated with Wnt-3A was increased 22-fold compared with control (P Ͻ 0.01; Fig. 3B ). Finally, we determined the fraction of the cultures expressing sarcomeric MHC by using flow cytometry. Treatment with Wnt-3A increased the percentage of cardiomyocytes from 0.14 Ϯ 0.04% to 1.4 Ϯ 0.09% at day 13 (P Ͻ 0.01) and from 0.91 Ϯ 0.08% to 2.64 Ϯ 0.29% at day 21 (P Ͻ 0.05) (Fig. 3C) .
To define the time period when EBs were receptive to induction of cardiogenesis via Wnt/␤-catenin signaling, experiments were repeated in which EBs received Wnt-3A from days 7 to 10. This later treatment did not result in a significant difference in beating activity compared with untreated EBs (data not shown). We hypothesized that the lack of an effect resulted from poor penetration of Wnt-3A into the core of the EB, where most cardiogenesis occurs. To address this issue, we used the small-molecule inhibitor of glycogen synthase kinase-3␤, 6-bromoindirubicin-3Ј-oxime (BIO), which can readily penetrate an EB and results in activation of ␤-catenin signaling. These experiments showed a profound biphasic effect on cardiac differentiation (Fig. 3 D and E) . Although addition of BIO at days 2 and 4 resulted in an Ϸ10-fold enhancement of beating activity by day 13, addition after day 6 markedly inhibited cardiogenesis, resulting in a 10-fold reduction in beating activity at the latest time point (day 18) (Fig. 3D) . Analyses of ␣-MHC expression confirmed that BIO stimulated cardiogenesis early and inhibited it later in ES cell differentiation (Fig. 3E) . Thus, the biphasic effect of Wnt/␤-catenin signaling was observed in 
Wnt3a Induces Mesoderm and an Inhibitory Feedback Loop in ES Cells.
To understand possible mechanisms underlying cardiac induction by Wnt-3A, we studied regulation of mesodermal and Wnt-related genes during the early phases of EB differentiation by quantitative RT-PCR. Brachyury T, a mesoderm-specific transcription factor (21, 22) , and the transcription factor Mesp1 are enriched in precardiac mesoderm (23, 24) . Brachyury T expression was markedly accelerated by treatment with Wnt-3a, showing a peak of expression at day 5, rather than at day 8, in controls (Fig. 4A) . Similarly, Wnt-3A-treated cultures showed an Ϸ320-fold induction of Mesp1, peaking at 5 days, which was greater and more rapid induction than the Ϸ65-fold induction observed at 8 days in controls (Fig. 4B) . Analysis of additional mesoderm markers at day 13 indicated that Wnt-3A increased expression of the endothelial marker vascular endothelial cadherin by 3-fold and the pan-leukocyte marker CD45 by 7-fold (data not shown). Thus, in contrast to the zebrafish, early activation of Wnt/␤-catenin signaling in mouse ES cells appears sufficient to induce mesoderm.
We next examined expression of Wnt-related genes in the EBs treated with Wnt-3A (Figs. 4 C-F ) . Control EBs showed progressive increases in Wnt-1 and Wnt-3A beginning on day 5. Transcript levels of the Wnt/␤-catenin inhibitor Dkk-1 increased by day 6 in controls and plateaued from day 7 to 9. Expression of Wnt-11 [implicated as a pro-cardiogenesis factor (15) (Fig. 5) ] increased from day 3 to 5, and increased again sharply from day 8 to 9 in controls. Treatment with Wnt-3A markedly reduced expression of Wnt-1 (Fig. 4D) and Wnt-3A (Fig. 4C) . In contrast, expression of Dkk-1 (Fig. 4E) and Wnt-11 ( Fig. 4F ) both increased after treatment with Wnt-3a. This is interesting, because in some contexts, Wnt-11, like Dkk, can inhibit Wnt/␤-catenin signaling (25) . These Representative of three independent experiments, each performed in triplicate. (C) Analysis of sarcomeric MHC by flow cytometry demonstrates that early treatment with Wnt-3A enhances cardiomyocyte content at days 13 and 21 by 10-and 3-fold, respectively. (D and E) Analysis of beating activity (D) and ␣-MHC expression at day 13 (E) showed that the glycogen synthase kinase-3␤ inhibitor BIO has a biphasic role on cardiogenesis, enhancing cardiogenesis when given early and inhibiting cardiogenesis when given late. Note that in this experiment, control cultures exhibited a ''catch-up'' phase of accelerated differentiation that slightly surpassed that of day 18 cultures receiving early BIO treatment. A similar catch-up phase was occasionally observed by using recombinant Wnt-3A, although in most experiments, both early and late cardiogenesis was increased. findings indicate that treatment with Wnt-3A induces a negativefeedback loop in differentiating ES cells, suppressing transcripts associated with ␤-catenin pathway activation and increasing transcripts associated with pathway inhibition. Finally, and consistent with our observations in zebrafish, Wnt-3A accelerated expression of the cardiac transcription factor Nkx2.5 and ␣-MHC in differentiating EBs, consistent with their earlier cardiac differentiation (Fig.  4 G and H) .
Wnt-11 Overexpression Enhances Cardiogenesis. The increase of Wnt-11 expression in the later phases of differentiation suggested this Wnt might also control cardiac differentiation from mesodermal cells. To test this, we overexpressed human Wnt-11 or EGFP as a control in ES cells and differentiated them as above. In contrast to treatment with Wnt-3A, continuous overexpression of Wnt-11 did not accelerate the onset of beating activity in EBs, but instead increased the final extent of cardiogenesis by 3-to 4-fold vs. controls (Fig. 5A) . At day 21, ␣-MHC expression in the Wnt-11 group was increased 4.6-fold compared with controls (P Ͻ 0.01; Fig. 5B ). These data are consistent with the notion that different Wnts, and perhaps multiple Wnt signaling pathways, have distinct roles in cardiac differentiation of ES cells.
Discussion
The changing response to Wnt/␤-catenin signaling over time explains some of the apparent discrepancies in the literature regarding Wnts and cardiac differentiation (3) (4) (5) 10) . Our data show that, depending on the time of activation, Wnt/␤-catenindependent pathways have positive or negative effects on cardiogenesis in both the mouse ES cell system and the zebrafish model. We also show that Wnt-3A induces an inhibitory feedback loop in ES cells that results in the suppression of transcripts implicated in ␤-catenin pathway activation and the augmentation of transcripts associated with pathway inhibition, such as Dkk-1 and Wnt-11. Thus, one unanticipated effect of early Wnt/␤-catenin stimulation appears to be suppression of the activity of the same pathway after mesoderm forms in differentiating ES cell cultures. This later suppression may also contribute to enhanced cardiogenesis. The gene expression time course prompted us to test whether overexpression of Wnt-11, also reported to be pro-cardiogenic (14, 15, 26) , would enhance cardiac differentiation in our system. We found significant induction of cardiac differentiation by Wnt-11 (Fig. 5) , but unlike Wnt-3A, Wnt-11 did not accelerate cardiac differentiation but, instead, enhanced its final extent. Additional studies will be required to determine whether Wnt-11 acts through antagonism of ␤-catenin signaling or through other pathways such as calcium signaling and the planar cell-polarity pathway (27) .
Analysis of mRNA expression indicated that increased Wnt/ ␤-catenin signaling enhanced mesoderm formation in the mouse ES cell system. These data are consistent with experiments by Lindsley et al. (13) and Gadue et al. (28) , who found enhanced expression of mesoderm markers following early treatment of differentiating mouse ES cells with Wnt3A. In contrast, in zebrafish embryos, overexpression of Wnt8 did not increase total mesoderm differentiation, although blocking endogenous Wnt signaling by overexpression of Dkk-1 reduced mesoderm differentiation. These data indicate that ␤-catenin-dependent Wnt ligands are rate-limiting for mesoderm differentiation in EBs, whereas in the embryo, Wnt ligands are necessary but appear to be present above limiting concentrations.
Inhibition of cardiogenesis by Wnt/␤-catenin signaling during and after gastrulation suggests that cells normally destined to become cardiomyocytes are redirected toward an alternate mesoderm fate. Kattman et al. (29) reported that mouse ES cells give rise to two waves of progenitors marked by expression of the VEGF receptor Flk-1. The first wave of Flk-1 ϩ cells function like hemangioblasts, giving rise to hematopoietic cells and endothelium. The second wave gives rise to cardiomyocytes, endothelium, and smooth muscle cells. Naito et al. (8) reported that late addition of Wnt-3A to differentiating mouse ES cells resulted in expansion of hematopoietic and vascular fates. It is possible that activation of Wnt/␤-catenin signaling after the formation of mesoderm redirects the Flk-1 ϩ cardiovascular progenitors toward the hemangioblastic phenotype.
In summary, we demonstrated that Wnt/␤-catenin signaling has a biphasic role in controlling differentiation of cardiomyocytes in vivo and in a scalable in vitro model that does not require hanging drops. At early stages of zebrafish development, Wnt/ ␤-catenin signaling promotes cardiogenesis, whereas at later stages, Wnt signaling helps to define the proper size of the heart-forming field. Armed with this knowledge, it is now possible to significantly increase cardiac differentiation in ES cell cultures by manipulating Wnt signaling in a defined temporal sequence. This offers an example of how lessons from embryonic development can be applied to stem cell biology. Many other factors, such as TGF-␤ 1 (30) , bone morphogenetic proteins (30) (31) (32) (33) (34) or their endogenous antagonists (35) , and fibroblast growth factors (31, 36, 37) , have been implicated in cardiac induction of embryos and pluripotent cells. Further investigations are needed to clarify the interaction between Wnt signaling and these factors to optimally promote ES cell cardiac differentiation. Our findings establish a model of Wnt signaling in control of cardiac differentiation that may ultimately be useful in directing differentiation of stem cells into cardiomyocytes for cardiac repair applications.
Methods
Heat-Shock-Inducible Transgenic Fish Lines. Establishment and characterization of the hsWnt8GFP transgenic line (16) and establishment and characterization of the hsDkk1GFP (18) have been published previously. For most experiments, homozygous carriers of the transgene were crossed to WT fish, resulting in clutches of embryos that were all heterozygous for the transgene, obviating the need to identify transgenic embryos. In some experiments, heterozygous carriers of the hsDkk1GFP transgene were crossed to WT fish, and transgenic embryos were sorted from WT embryos by GFP fluorescence 1 h after heat shock. As controls, embryos derived from incrosses of WT fish were used. Heat shocks were performed by adding embryo water preheated to 40°C to the embryos and incubating them in an air incubator at 37°C for 30 min, after which time they were moved to a 28.5°C incubator.
Whole-Mount in Situ Hybridization. Two-color mRNA in situ hybridization was performed as described by Jowett and Lettice (38) with modifications according to Hauptmann and Gerster (39) , and a combination of INT [2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyltetrazolium chloride] and BCIP [5-bromo-4-chloro-3-indolylphosphate], both at 175 g/ml, was used as alkaline phosphatase substrate in the second color reaction, producing a red-brownish color.
ES Cell Culture and Differentiation. Details of mouse ES cell culture can be found in SI Methods. Briefly, undifferentiated R1 mouse ES cells were maintained in feeder cell-free culture by using leukemia inhibitory factor supplementation. EBs were formed by mass culture in ultra-low attachment plates and transferred to adherent growth conditions after 7 days. The number of spontaneously beating EBs was counted by using a DMIL microscope (Leica, Deerfield, IL) fitted with a grid system.
Lentiviral Transduction and Quantitative RT-PCR.
See SI Methods for details.
Statistical Analysis. Results are expressed as means Ϯ SEM. Groups were compared by ANOVA, followed by Fisher's partial leastsquares difference test, with P Ͻ 0.05 considered as significant.
